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The nitridation mechanism of silicon at room temperature under exposure to lOO- 1000 eV Ni ion 
beams has been studied in situ in an u&high vacuum apparatus using x-ray photoelectron 
spectroscopy. The increase of the nitrogen content in a surface layer as a function of the ion dose 
was described by a simple formula which was derived by assuming random occupation of the 
reaction sites in the penetration zone of the nitrogen atoms. A change of the binding energy and the 
width of the Nl s x-ray photoelectron spectrum during the reaction was observed and discussed with 
the component ratio N/Si,,,d. The Si2p x-ray photoelectron spectra were deconvoluted into five 
components of Si(O), Si(l), Si(2), Si(3), and Si(4) by curve fitting, where Si(n) represents the 
component of Si bonded to n nitrogen atoms. Their populations were dependent on the ion dose and 
the ion energy. The nitride layers formed in the Si surface with low energy beams of 100-200 eV 
had near-stoichiometric composition of SisN,. With beams of energy higher than 300 eV, however, 
they were nonstoichiometric compounds SiN, (~(1.3) which were mixtures of those components. 
The influence of the beam energy was observed by the chemical shifts of the Nls and Si2p peaks 
at the saturation of the N content. 
I. INTRODUCTION 
Although low energy reactive ion beams have a great 
potential to produce new materials on surfaces at room tem- 
perature, chemical reactions of a surface with ion beams 
have been studied less extensiveIy than thermal gas/surface 
reactions. We feel that reaction processes during irradiation 
by ion beams on surfaces should be further investigated with 
a view to producing materials with special properties, be- 
cause the mechanism for the reaction with beam particles 
with a high kinetic energy may be different from that of the 
thermal reaction with an ambient gas. With this in mind, the 
formation of silicon nitride films on Si(100) surfaces by re- 
action with low energy Nz ion beams has been studied in the 
present work. 
In the past, there have been many investigations on tber- 
ma1 reactions of a Si surface with NHs, NO, and N by a 
variety of techniques.‘-’ The thermal nitridation of the Si 
surface produces a film of a stoichiometric compound Si,N,. 
On the other hand, the nitridation of a Si surface with a low 
energy N$ beam has also been reported by some 
investigators, *-‘I but the number of such studies is much less 
than that on the thermal reaction. Especially in the low en- 
ergy range 100-1000 eV, the reaction process has not been 
investigated in detail, though Kang’s group’0-‘2 has recently 
investigated the reaction with low energy (~600 eV) Nf and 
N?f ion beams by Auger electron spectroscopy (AES), ultra- 
violet photoelectron spectroscopy (UPS), and x-ray photo- 
electron spectroscopy (XPS). 
In this work, the nitridation process of a Si(100) surface 
under exposure to 100-1000 eV Nz beams was studied in 
situ in an ultrahigh vacuum (UHV) apparatus using XPS. 
The increase of the N content in the surface layer was mea- 
sured as a function of the ion dose at five ion beam energies. 
a’Present address: Fujitsu Co., Kawasaki. 
The curves for the rates were analyzed by a formula derived 
from a reaction mechanism proposed. Chemical shifts of the 
Si2p and Nl s core levels were observed during the progress 
of the reaction. The effects of the incident beam energy were 
clearly observed in the Si2p and Nl s XPS spectra. The Si2p 
spectra were analyzed by curve fitting. 
II. EXPERIMENT 
This experiment was carried out in an imaging XPS ana- 
lytical instrument equipped with an ion beam gun 
(Shimadzu-Kratos XSAM-i). For the XPS measurements, a 
MgKa x-ray source (1253.6 eV) was usually used. The elec- 
tron analyzer was operated in the fixed analyzer transmission 
(FAT) mode at a constant pass energy of 20 eV. The base 
pressure of the experimental chamber was 2X lo-*’ Torr. 
A substrate (about 15X 15X0.5 mm3) was cut from a 
commercially available polished Si(100) wafer (J, type, 10 
0). A native oxide layer on the surface was removed by 
etching with hydrofluoric acid and rinsing with purified wa- 
ter. After this procedure, it was mounted on to a sample 
holder, transferred into vacuum, and attached to an ultra-high 
vacuum (UHV) manipulator of the XPS apparatus. By using 
a differentially pumped ion beam gun (minibeam I), the sur- 
face contamination was removed by Ar+-ion sputtering at 3 
keV. The cleanliness of the surface was checked by XPS, and 
the clean region on the surface was identified from an imag- 
ing map for the pure Si2p or 01s XPS spectra. 
A nitrogen ion beam generated by the same ion gun was 
focused onto the clean region of the surface at room tempera- 
ture. The ion beam, which was generated by electron impact 
of N2 gas at 100 eV, consists mostly of Nz ions, but a few 
percent Nf atomic ions are usually included. The working 
pressure during the beam irradiation was about 5X lo-* Torr. 
The energy of the beam was varied from 100 to 1000 eV, and 
the ion beam current was monitored through the sample. A 
typical ion current at 200 eV was about 0.1 ,uA. The area of 
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FIG. 1. A wide XPS spectrum of a nitrided Si surface. 
nitride formation by the ion beam was measured from an 
elemental map of N obtained using the Nl s XPS peak and 
was found to be about 3 mm’ in size. The intensity distribu- 
tion of the incident ions in the irradiation area could be es- 
timated from the Nls XPS map taken with a 0.2 mm spatial 
resolution. 
XPS spectra for the Nls and Si2p core levels were usu- 
ally measured at the center of the beam spot with 0.6 mm 
spatial resolution. In estimating the N2f dose, the intensity 
distribution over the irradiation area was also taken into ac- 
count. Oxygen contamination on the surface was negligible 
until the middle stage of the reaction process. However, after 
beam exposures longer than several hours, a small oxygen 
peak was observed in an XPS spectrum taken in a wide en- 
ergy range of 80-600 eV in binding energy. 
The substrate was bombarded for a fixed time (>I mm) 
by the nitrogen ion beam at a given energy, and the XPS 
spectra of Nl s and Si2p were measured with an energy reso- 
lution of about 1 eV at a normal electron emission angle. 
This procedure was repeated until the intensity of the Nls 
peak was saturated. To check the surface contamination, an 
<XPS spectrum over the wide energy range was taken several 
times in a sequential procedure. 
In order to check the bombardment effect of Ar’ ions, 
we also used the Si(100) surfaces cleaned only by heating at 
1000 “C in the UHV preparation chamber. These samples 
showed a 2X1 surface structure in a low energy electron 
diffraction (LEED) measurement as usual. The results ob- 
tamed with these samples were very similar to the present 
ones. Then we concluded that the effect of the Ar+-ion sput- 
tering does not bring any serious influence to the reaction 
mechanism described below. 
Ill. RESULTS 
Upon exposure to the nitrogen ion beam, we can readily 
observe a peak due to Nls photoelectrons at a binding en- 
ergy of 397 eV in the XPS spectra. Here, the binding energy 
is referred to a Fermi level, which was calibrated with the 
Ag(3dsJ peak at 368.3 eV. Figure 1 shows a wide XPS 
spectrum obtained after the nitridation of the Si surface. The 
Nls, Si2s, and Si2p lines are comparably strong, the con- 
taminant oxygen peak at 532 eV being very small. The Nls 
line is accompanied by a broad plasmon loss peak around 
Binding Energy ( eV ) 
FIG. 2. Evolution of the Nls XPS spectrum duririg the nitridation of the 
Si(100) surface with the 200 eV ion beam. Amount of Ni ion dose: (a) 0.25; 
(b) 0.5; (c) 1.0; (d) 1.5; (e) 2.0; (f) 2.5; (g) 3.5; and (h) 5.0X IO’* ions/cm’. 
419 eV. The energy loss of 22 eV is correspondent to the 
creation of the bulk plasmon of the amorphous silicon 
nitride.t3 
Figure 2 shows some Nls XPS spectra at different 
stages of the nitridation of Si(100) tiith the 200 eV ion 
beams. The peak position of the Nls spectrum shifts from 
397.1 eV toward higher binding energy with increasing N 
content, accompanied by broadening of the spectrum. The 
shapes of the spectra are a little asymmetric with a tailing 
toward higher binding energy. 
In Fig. 3, the integrated intensities of the Nls spectra 
taken with the 100, 200, 300, 500, and 1000 eV ion beams 
are plotted as a function of the Nz dose, which is the number 
of incident ions on 1 cm’ of the surface. At all energies, the 
intensity of the Nls spectrum increases linearly with the 
dose in the initial stage, starts to saturate at a dose -4X lOI 
ions&?, and finally reaches a constant value. A similar dose 
dependence was also reported by Park et al.” In the present 
work, the intensities given in arbitrary units are normalized 
to the value at the saturation for the 200 eV ion beam. The 
relative values at the saturation for the different beam ener- 




















FIG. 3. Nls XPS intensity vs Nz dose for various ion beam energies. The 
soIid curves are obtained by E?q. (4). The parameters used are given in the 
text. 
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TABLE I. Relative intensities of the Nl s XPS spectra obtained from the Si 
surfaces after saturation with N by bombarding with Ni ion beams at vari- 
ous energies. 
Ion energy (eV) 
Relative intensity 
of the Nls peak 
100 200 300 500 1000 
0.78 1.00 0.85 0.80 0.71 
gies are given in Table 1. There is a maximum at 200 eV, and 
thereafter the value decreases by -30% upon increasing the 
ion energy. 
As seen in the spectra in Fig. 2, both the binding energy 
of the Nls core level and the full width at half-maximum 
(FWHM) of the spectrum increase with the Nzf dose in the 
initial stage and reach constant values at the saturation of the 
nitrogen content. These constant values are dependent on the 
ion beam energy (see Fig. 7). The chemical shift of the line is 
the largest at 100 and 200 eV, and the binding energy reaches 
397.8 eV. The FWHM of the peak at 100 eV changes from 
1.0 to 1.8 eV. Upon increasing the ion energy, both the 
chemical shift and the linewidth at the saturation decrease. 
At 300, 500, and 1000 eV, the binding energies are 397.7, 
397.55, and 397.35 eV, and the FWHMs are 1.5, 1.4, and 
1.25 eV, respectively. 
The SMp XPS spectrum of the clean Si substrate shows 
a single peak at 99.4 eV with the FWHM of 1.2 eV. The 
spin-orbit splitting SMp r,z and Si2ps12 is not resolved be- 
cause the monochromatized x-ray source equipped was not 
used in the present experiments. Exposing the surface to the 
nitrogen ion beam, a tailing of the spectrum appears’on the 
higher binding energy side. For the low energy beams of 100 
and 200 eV, a separate peak builds up at the tail side with 
increasing N content in the surface layer. With increasing ion 
energy, however, the separation between the second peak and 
the elemental Si2p peak becomes less pronounced. At 1000 
eV only, a broad peak tailing toward higher binding energy is 
observed. Figure 4 shows the Si2p XPS spectra measured at 
nitrogen saturation for the different beam energies. The bind- 
ing energies at the second peaks formed for the 100 and 200 
eV beams are in a range of 102.1-102.3 eV. The chemical 
shift of 2.7-2.9 eV from the elemental Si2p peak at 99.4 eV 
is a little larger than the 2.4-2.7 eV observed in 
amorphous-S&N4 formed by chemical vapor deposition 
(CVD),14 or electron cyclic resonance (ECR) plasma,” but 
lower than 3.8 eV for a S&N, surface prepared by 20 keV N+ 
ion implantation.t6 Then we believe the binding energy at 
-102.2 eV is correspondent to that of the stoichiometric 
compound Si,N4. On the other hand, the tailing observed in 
the spectra for the higher beam- energies suggests that the 
nitride layer consists of nonstoichiometric compounds of 
SiNy (y(1.3). 
The near stoichiometry (S&N,) for the films formed with 
the low energy (100-200 eV) beams is confirmed from the 
intensity ratio of the Nls peak to the chemically shifted 
Si2p peak, taking into account the relative sensitivities, as 
described below. Those facts suggest that the nitridation with 
the low energy beams proceeds completely to produce near- 
stoichiometric S&N4 film which has a sharp boundary with 
106 104 102 100 98 96 9 
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F’IG. 4. Si2p XPS spectra obtained from nitrogen saturated surfaces for the 
different beam energies. 
the Si substrate. The thickness of the film can be estimated 
using the intensity ratio of the chemically shifted Si2p peak 
to the elemental Si2p peak. When the mean free paths of the 
1150 eV photoelectrons in Si and S&N4 are assumed to be 
2,.0 and 2.5 nm, respectively, from the empirical formula by 
Seah and Dench,17 the thickness of the nitride layer-at satu- 
ration is about 1.5 m-n for the 200 eV beam. This is greater 
than 0.3-0.8 nm obtained for 500-3000 eV Nz beams by Jo 
ei aL9 or 0.6 nm for 100 eV by Park et al.” but in good 
agreement with 1.3 nm for 200 eV by Baek et aZ. l1 and com- 
parable with 1:9 m-n for 500 eV by Taylor et aL8 From the 
thickness; the average reaction probability up to the dose of 
4X1015ions/cm2 is estimated to be 0.7 using the nitrogen 
atomic concentration in S&N, (--5.9X10** N atoms/cm3), 
which is higher than that (-0.25) reported by others.8,‘0 If 
we assume a different mean free path of 1.3 nm in Si,18 the 
thickness becomes 1 run. In this case, the reaction probability 
is 0.45. 
The Si2p spectra taken during the reaction were ana- 
lyzed by curve fitting. The spectra were tentatively decom- 
posed into five components by procedures similar to those of 
K&her et aZ.13 In the present work, the Si2p peak‘from a 
clean surface before the Nz beam irradiation is at the binding 
energy of 99.4 eV and its shape is approximately fitted by a 
Gaussian with a width of 1.19 eV (FWHM). Then we fix the 
line shape of the elemental Si2p peak from unreacted parts 
including the substrate. Four other components are corre- 
spondent to the Si-Si,-,N, (n = 1,2,3,4) bonding configura- 
tions. Hereafter, they are denoted by Si(n). In the present 
analysis, for simplicity, the energy separation of each com- 
ponent is assumed to be equal as a consequence of the addi- 
tivity of chemical shifts. Since the energy of the stoichio- 
metric compound Si3N4, in which the Si atom is coordinated 
with four nitrogen atoms, is found at -102.2 eV, the binding 
energy of the Si(pz) component is shifted, toward higher en- 
ergy by pz X0.7 eV from 99.4 eV. In a curve fitting-named by 
J. Chem. Phys., Vol. 101, No. 9, 1 November 1994 

















FIG. 5. Relative intensities of the five components [Si(O), Si(l), Si(2), Si(3), 
and Si(4)] and the summation psi(n), n=l-41 iis a function of the Nt 
dose. Solid squares indicate the data for Si(O), solid circles indicate data for 
Si(l), solid triangles indicate data for Si(2), open squares indicate data for 
Si(3). open triangles indicate data for Si(4), and open circles indicate data 
for the summation from Si(1) to Si(4). 
“. I  
type A, the line shape for every component is assumed to be 
the same as that of the elemental Si. In type B, the linewidth 
for the chemically. shifted components (n-+1) is assumed to 
be 1.9 eV (FWHM), the value of which is experimentally 
obtained by the present apparatus for a Si3N4 fine powder 
supplied by the Nilaco Co. It is. the same as that used in fit B 
by K&her et aLI 
Curve fitting performed under these assumptions gener- 
ally gives a similar spectrum to the experimental one, though 
some ambiguity and fitting errors remain in many cases. The 
results obtained by type B seem to be more reasonable in the 
present work than by type A. Then we present here the re- 
sults by type B. The relative intensities of the components 
are plotted as a function of the Nzf dose at the five beam 
energies in Fig. 5. The intensity of the Si(Q) component de- 
0 2 4 6 8 IO 12 14 16 
dose(x101510ns/cm2) 
creases rapidly in the initial stage and reaches a constant 
value at the saturation of the nitrogen content. The constant 
value comes from the photoelectrons emitted from the sub- 
strate under the reaction zone. The intensity of the nitride 
part separated from the elemental Si is hereafter denoted as 
lSi(reacted) 3 which is given by subtracting the Si(0) partifrom 
the whole spectrum or by adding the reacted components 
[Z Si(n), y1= l-41. The intensity curve Of Z,$i(rea&d) is in con- 
trast with that of Si(0). It saturates at an ion dose between 
1-5X 1015 ions/cm’, which depends on the beam energy. The 
sattmtion value of zsifreactedj increases with the ion energy, 
which indicates that the depth of the reaction zone increases 
with it. The. Si( 1) component appears in the initial stage and 
decreases upon increasing the ion dose, except for the 1000 
eV case, and it takes a steady value at the saturation. At the 
low beam energies, the Si(2) and Si(3) components increase 
upon decreasing the Si(1) component in the early stage, and 
decrease upon increasing the Si(4) component. For the 100 
and 200- eV beams, the Si(4) component finally becomes 
dominant in the reaction zone, which is expected from the 
spectra in Fig. 4. However, the curve fitting of type A for the 
same. spectra gives a comparable ratio to the Si(3) and Si(4) 
components. This is unfavorable for the atomic ratio 
N&eacteci of about 1.3 at the saturation as described below, 
thti the results by type B adopted here. In the curve fitting 
for 300_and 500 eV, the four components highly mix even in 
the final product. At 1000 eV, the intensity of the component 
ratio is in a sequence of Si(l)>Si(2)>Si(3)>Si(4) in the 
whole reaction process. The variation- of the component ra- 
tios during the reaction is reflected to the peak shifts of the 
chemically shifted Si2p spectra. 
The ratio of the nitrogen atoms to the reacted Si atoms is 
estimated by 
x=(zN/0.42)l(lSi(reacted)/0.27), (1) 
where 0.42 and 0.27 are the relative sensitivities of the Nls 
and the Si2p spectra, respectively.” Hereafter we denote the 
value x as N/Sireacted . It should be noted that N/Sireacted dif- 
J. Chem. Phys., Vol. 101, No. 9, 1 November 1994 
Kusunoki et a/.: Nitridation of a Si(lO0) surface 8241 
as!...,...,...,..,,...,...,..,,...I 
0 2 4 6 5 10 12 14 16 
doss (xlO’Slons/cmZ) 
FIG. 6. N/S&,,,, as a function of the Nz dose. Solid squares indicate the 
data for lb0 eV, solid circles indicate data for 200 eV, solid triangles indi- 
cate data for 300 eV, open squares indicate data for 500 eV, and open 
triangles indicate data for 1000 eV. The solid curves are guides to the eye. 
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fers from the composition ratio N/Si(=y) in the film because 
unreacted Si atoms remain in the film especially in the be 
ginning stage. Nevertheless, N/Si,,,d will be equal to the 
composition ratio N/Si at the nitrogen saturation. In a perfect 
crystal, x represents an average number of N atoms bonded 
to a Si atom. Then it should be 0.33 in a Si(SisN) form at the. 
beginning of the reaction and 1.33 in the stoichiometric 
S&N, form at nitrogen saturation. The values obtained for 
the different beam energies are plotted asa function of the 
ion dose in Fig. 6. At low energies, the ratio x increases with 
the ion dose and levels off with the nitrogen saturation at the 
ion dose about 6X10” ions/cm2.-The saturation values at- 
tained for the 100 and 200 eV beams are about x= 1.3, which 
is in good agreement with x= 1.33 for S&N,. The initial 
increase of the curve indicates that the average number of N 
atoms bonded to a Si atom increases with the N content. This 
is naturally acceptable, though Park et aLto found x values 
independent of the Nl dose. For the 300, 500; and 1000 eV 
beams, however, the x values at the saturation are limited to 
the lower value than 1.3, which suggests that the nitride layer 
is nonstoichiometric compounds. This is consistent with the 
analysis by curve fitting of type B. 
dNldt=c+F(N,-N), (2) 
where (+ is the apparent cross section for the reaction. 
At higher energies, we must also- consider the self- 
sputtering of N atoms on the surface during the beam irra- 
diation. This phenomenon hinders the growth of the nitride 
film. If the number of N atoms existing on the surface is 
described by Nlk, where k is the number of atomic layers in 
the reaction zone, IQ. (2) is modified as follows: 
dNldt=aF(No-N)-sFNIk, 
=F[uNo-(a+s’)N], (3) 
where s is the apparent cross section of the sputtering, s/k 
being replaced by s’. The solution of Fq. (3) is given by 
IV. DISCUSSION 
N(t)=[crNo/((++s’)]{l-exp[-(cr+s’)Ft]}. (4) 
Here Ft is the total number of the incident nitrogen atoms 
per unit area until time t, which is twice the N2f ion dose. 
The experimental points of N as a function of the ion dose 
follow very well the curves calculated from Eq. (4) for all 
cases measured. The parameters of (a+~‘) used for fitting 
are 1.2, 1.6, 2.3, 2.9, and 1.6X1O-‘6 cm2 at 100, 200, 300, 
500, and 1000 eV, respectively. These values are comparable 
in order with the collisional cross sections in the gas phase. 
When a positive molecular ion with a single charge col- 
lides with a metal or semiconductor surface, it usually ac- 
cepts an electron from the solid in the neighborhood of the 
surface and becomes neutralized with a high probability. The 
neutralized molecule, the kinetic energy of which will still be 
as high as that of the incident beam, collides violently with a 
surface atom and dissociates into some fragments on the sur- 
face with a certain probability. Since the dissociation energy 
of the N2 molecule is 9.76 eV, the fragment atoms produced 
even at 100 eV of the beam energy still have enough energy 
to penetrate into the solid. Some of the fragment atoms 
which satisfy a certain condition of impact parameter of col- 
lision with a surface atom can pass through the outermost 
layer of the surface. After a collision cascade in the solid, the 
atoms lose their kinetic energy and react with the nearest Si 
atoms. With the collision, the Si atoms are also displaced 
from their regular positions in the crystal. Thus a mixing 
layer of the N and Si atoms is formed in the surface. Those N 
atoms which do not encounter a reaction site will gradually 
migrate in the solid and may reach the surface again. Here 
isolated N atoms will recombine with each other and escape 
from the surface as N2 molecules into the gas phase. This 
escape pro-cess of unreacted N atoms occurs concurrently 
with the reaction and becomes dominant at the late stage of 
the nitridation process. 
From Eq. (4), the number of N atoms in the steady state 
at t=a is expressed by 
N(~)=uNo/(a+s’). (5) 
Here both No and s’ are expected to increase with ion energy 
in our energy regime, while s’ can be neglected at low en- 
ergy. The increase of s’ may be greater than that of No in the 
high energy regime. Therefore, the value of N(w) in Eq. (5) 
has a maximum in the energy dependence. Experimentally 
the maximum is obtained at 200 eV as seen in Table I. Above 
this energy, the relative intensity of the Nls peak decreases 
with increasing incident beam energy. 
This model of the reaction mechanism can be compared 
with that for the thermal reaction of Si with C,H,, which has 
been studied by US.*‘-~~ The reactant gas with thermal energy 
reacts with Si atoms in the top layer of the surface where the 
Si atoms are supplied by thermal diffusion from inside of the 
solid, while the reactive ions with kinetic energy of a few 
hundred electron volts penetrate into the solid and react with 
the Si atoms also in deeper layers. The reaction sites in the 
penetration zone may be randomly occupied by the N atoms 
in the initial stage and gradually ordered in short range. 
Let us consider the increasing rate of the Nls peak in- 
tensity shown in Fig. 3. As the maximum penetration depth 
of the N atom is limited by the incident beam energy, the 
volume of the reaction zone is fixed at a given energy. We 
define No as the number of reaction sites for N atoms in the 
reaction zone under a unit surface area. N is the number of 
the reacted N atoms in the volume at time t after starting the 
irradiation. F is the N2f beam tlux multiplied by 2. Assuming 
that the reaction takes place randomly in the volume, we can 
express the rate equation for N, 
Though we did not determine the crystal structure, the 
nitride film is probably amorphous. In the films produced at 
the lower ion energies, however, the local structure at the 
nitrogen saturation may be similar to p-SisN,,” because the 
amorphous and crystalline nitrides have essentially the same 
short-range order. The electrical structure of the nitride is 
also expected to be similar to that of the microcrystal.z4 
Now let us consider the change of the electronic and 
bonding properties of the nitride layers during the reaction. 
As seen in Fig. 2, the Nls binding energy at the peak shifts 
toward higher energy upon increasing the nitrogen content in 
the layer. Such a shift has been observed by others.‘37’4’25 
Kiircher et al. r3 have suggested that it arises from a shift of 
J. Chem. Phys., Vol. 101, No. 9, 1 November 1994 
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function of the ratio NISi,,,,,,, . Solid squares indicate the data for 100 eV, 
solid circles indicate data for 200 eV, solid triangles indicate data for 300 
eV, open squares indicate data for 500 eV, and open triangles indicate data 
for 1000 eV. The solid curves are guides to the eye. 
the Fermi level, but in this experiment, the peak position of 
the elementary Si2p component from the underlying sub- 
strate was in the range of “0.1 eV from 99.4 eV. This is 
consistent with the recent result by Baek et aZ.” Therefore, 
the change of 0.8 eV observed for the Nls peak cannot be 
explained by the Fermi level shift alone. 
In silicon nitride, the valence electrons 3p and 3s of the 
Si atoms are transferred onto the N atoms because the N 
atom is more electronegative than the Si atom. By a shield 
effect of the transferred valence electrons, the binding energy 
of the Nl s state becomes lower than 402 eV of an isolated N 
atom. According to a theoretical prediction,26 the binding 
energy of 397.0 eV corresponds roughly to the negatively 
charged state of N-” (2.0>&1.0). If the total valence elec- 
trons of Si (2X3p+2X3s) were transferred onto the N2p 
orbitals as in an ionic crystal, the charge neutrality in Si3N4 
would be maintained in the form (Si’4),(N-3)4. Since the 
bonding ins the solid of S&N4 is of course covalent, the elec- 
tron charges are shared among these atoms. 
During the reaction, the ratio N/Sireacted increases as seen 
in Fig. 6. In the initial stage, the N atoms will combine with 
the surrounding Si atoms which are not bonded to another N 
atom. Here the basic bond Si(Si,N) is denoted by Si(1) as 
described before. In this configuration, the N atom can most 
effectively attract the valence electrons of the surrounding Si 
atoms. Increasing the N content, the number of nitrogen at- 
oms bonded to a Si atom will change in sequence as 
Si(l)+Si(2)+Si(3)-+Si(4). These changes induce a redistri- 
bution of the valence electrons between the Si and N atoms. 
With increasing n, the partial charge of the N atoms is re- 
duced by sharing the valence electrons from the Si atoms 
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with other surrounding N atoms. As a result, the Nl s binding 
energy rises. This is a so-called induction effect. As the po- 
sition of the elemental Si2p peak from the substrate remains 
at -99.4 eV during the reaction, the peak shift observed in 
the Nl s spectra (see. Fig. 2) should be mainly attributed to 
this induction effect. 
In Fig. 7, the binding energies of the Nls levels are 
plotted as a function of the ratio N/Sireacted. The binding 
energy increases upon increasing the ratio and levels off for 
100 and 200 eV. The increase rate is almost the same for 
every case, though the binding energies at the same value of 
N/%eacted are different. This is similar to a result given by 
Hasegawa et cJ.~ According to their effective-charge analy- 
sis, the partial charge on a N atom per bonding unit changes 
from -0.30 at x=0.33 to -0.18 at x=1.33. In an ideal case 
that the nitrogen is threefold silicon coordinated, the partial 
charge on a N atom will vary from -0.9 to -0.54. Thus the 
binding energy of Nls increases with the nitrogen content. 
Upon increasing the ion beam energy, however, the Nls 
binding energy at the same value of N/Sireacted decreases. 
These facts suggest that the nitride layers formed by different 
ion energies have different structures at the same ratio of 
N/%&e, . The high energy ions or atoms break the Si-Si 
bonding in the solid and create many defects along the path, 
and finally each of the N atoms bonds to three Si atoms in 
the neighborhood. In the nitride layer formed by the higher 
energy beams, most of the Si atoms bond to only one or two 
nitrogen atoms in spite of the high nitrogen contents as seen 
in Fig. 5. The defects around the Si atoms will reduce the 
induction effect for the Nls binding energy. This is a plau- 
sible reason for the low reduction of the chemical shift of the 
Nls level. Thus, the deviation from the ideal curve (i.e., the 
case for the lowest beam energy) may give a measure of the 
imperfection (interstitial N atoms, defects of Si atoms, and 
unsaturated bondings of Si) of the silicon nitride film. 
The FWHMs of the Nls XPS spectra are.also plotted as 
a function of the ratio N/Sireacted in Fig. ‘7. The width in- 
creases with the Nls binding energy. The origin of the 
broadening of the spectrum is not clear; but it also reflects 
the chemical state of the product. In our measurements, the 
FWHM of the Nls spectrum for the fine powder of Si3N4 
embedded in a gold plate was 1.67 eV; which is in good 
agreement with the values observed for the 100 and 200 eV 
beams at the saturation. 
Though we do not show the chemically shifted Sirea& 
2p spectra which are obtained by subtracting the elemental 
Si(0) component from the observed Si2p spectrum, the in- 
tensity of the Si- reacted spectrum increases monotonically in 
the initial stage and saturates at an ion dose between 
1-4X 10” ions/cm2 asseen in the curves of Sireacted in Fig. 5. 
The binding energy at the peak position of the SireaCted spec- 
trum shifts towards higher energy during them reaction by 
transferring the Si valence electrons onto the N atoms, and it 
reaches a constant energy at the saturation which depends on 
the ion energy. The final values for the nitride layers formed 
with the 100 and 200 eV beams are 102. I-102.4 eV for the 
binding energy and the FWHM of 2.0 eV, as expected for the 
near stoichiometric compound Si3N4. For the beams of en- 
ergy higher than 300 eV, however, the binding energy at the 
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PIG. 8. The values of z [see Eq. (6)] obtained through the curve fittings of 
type B are plotted against the N/Si,,td values. Solid squares indicate the 
data for 100 eV, solid. circles indicate data for 200 eV, solid triangles indi- 
cate data for 300 eV, open squares indicate data for 500 eV, and open 
triangles indicate data for 1000 eV. The solid curve is a guide to the eye. 
saturation does not reach these values. .The binding energies 
obtained at 300, 500, and 1000 eV are 101.5, 101.2, and 
100.7 eV, respectively. The FWHM of the spectrum for 100 
and 200 eV initially increases, attains a maximum (-4 eV) 
at the dose of about 2.5 X lOi ions/cm*, and decreases again. 
The final width is about 2.0 eV, which suggests that the spec- 
trum consists mostly of the Si(4) component. For the higher 
energy beams, however, the width increases monotonically 
and saturates at a greater value. Their FWHMs at the satura- 
tion are 3.0, 2.5, and 2.3 eV for 300, 500, and 1000 eV, 
respectively. These values indicate that the spectra corre- 
spond to multichemical states. 
These situations are well understood from the variation 
of the component ratios shown in Fig. 5. The width of the 
Si reacted spectrum will reflect mixing of the different compo- 
nents. For 100 and 200 eV, broadening of the spectra be- 
comes the largest at the ion dose of -2.5 X lOI5 ions/cm2, 
where the four components of the reacted Si mix almost 
equally as seen in Fig. 5. The width of 2.0 eV at L-102.2 eV 
for the final products is well correspondent to 1.9 eV of the 
main component Si(4). This indicates that the low energy 
beams produce the near stoichiometric compound Si,N4. 
This is consistent with the result of Park et aZ.‘O At 300 eV, 
the component ratios in the final product are 0.18, 0.21,0.28, 
and 0.33 for Si(l), Si(2), Si(3), and Si(4), respectively. Such 
a mixing of the components gives a broad Sireacted spectrum 
of 3.0 eV FWHM. At 500 eV, they are 0.26, 0.28, 0.27, and 
0.18, respectively. The Si(4) component is the smallest in 
this case. At 1000 eV, the Si(1) component is the main one, 
the component ratios being 0.51, 0.25, 0.16, and 0.05, re- 
spectively.., Then the width of the Sireacted spectrum is nar- 
rower than that of 300- eV, but broader than for 100 eV. 
The peak position of the Sireacted spectrum may reflect 
the average nitrogen number bonded to one reacted Si atom. 
Here we can obtain the number z by 
z=-$ nZ[Si(pl)] /i I[Si(n)], 
99.4 101.5 99.4 
Binding Energy (eV) Binding Energy (eV) 
FTG. 9. The annealing effect. The Si2p XPS spectrum from a Si sample 
irradiated with the Ni beam of 1000 eV at room temperature changed into 
that spectrum in the right-hand side by heating at 820 ‘T for 2 mm in UEIV. 
The inner curves show intensities and positions of the five components 
Si(n) (n=O, 1, 2, 3, and 4). 
but we do not show here the peak positions because they 
could not be determined definitely in some cases. Instead, the 
values of z obtained through the curve fitting of type B are 
plotted vs the N/Si,,,,, values in Fig. 8. There is a linear 
relationship between both values, but the relation line shifts 
towards the lower side upon increasing the beam energy. The 
straight line in Fig. 8 represents an ideal relationship in that 
all nitrogen atoms bond to three Si atoms. At 100 and 200 
eV, the relation lines are near to this ideal line, but the slope 
is a little lower. Under deviation from the line indicates that 
the nitrogen atoms bond less than three Si atoms. That is, the 
nitride layers include wrong (i.e., N-N) and/or unsaturated 
bonds (=Si-N, or -Si-N-Si-) or defects. The data above 
the line which are observed for the low nitrogen content 
layers formed by the 190 and 200 eV beams may result from 
some unsuitable procedures used in the analysis. One of 
them is the.&sumption used in the fitting of type B, in which 
the widths of the Si(l),‘Si(2), and Si(3) components are the 
same to that of Si(4), but their widths of the Si(l), Si(2), and 
Si(3) components may be actually less than that of Si(4), 
though we have no method to determine them. In fact, the 
curve fitting of type’A”removes the upper deviation of the 
data. Another origin may be the relative sensitivity used for 
the Si2p and Nls spectra. The relative sensitivity for nitro- 
gen to Si, which was obtained from the spectra of the S&N, 
powder, appeared a little lower than what was used in the 
present analysis. This also works to remove the upper devia- 
tion. By those corrections, the data scattered in the left-low 
side will shift towards the right-hand side. The lines for 500 
and 1000 eV are a little distant from the ideal line and the z 
values at the saturation are 2.4 and 1.7, respectively; which 
suggests that the nitride layers include much more defects 
than those formed by the lower energy beams. This is con- 
sistent wLith the results from Fig. 7. 
Another interesting result is obtained in the plot of the 
Nls binding energies [En(N)] vs the number z. Though the 
plot is not shown here; all data for the differ&t beam ener- 
gies, which are shown in Fig. 7, gather around a straight line 
given.by 
(6) 
ll=l / n=l E,(N)=397.86, 3.0<2<4.0. ~. 
(7) _ 
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This fact implies that the Nls binding energy reflects the 
bonding states with Si rather than the nitrogen content in the 
nitride layer. 
Finally we have examined an annealing effect for the 
Si2p spectrum of the nitride film prepared with the 1000 eV 
beam. In Fig. 9, the spectra obtained before annealing and 
after 2 mm heating at 820 “C are shown on the left- and 
right-hand sides, respectively. The shape of the spectrum 
changes dramatically by annealing. The spectrum before an- 
nealing is one broad peak having a big shoulder on the 
higher energy side, while after annealing, a peak separated 
from the 99.4 eV peak of the elementary Si appears at 101.5 
eV The five components given by curve fitting of type B are’ 
also shown in Fig. 9. The component ratios for Si(l), Si(2), 
Si(3), and Si(4) change from 0~24:0.18:0.14:0.09 to 
0.10:0.11:0.27:0.12. The most intensive component among 
them is Si(1) before annealing, while Si(3) is the main one 
after annealing. This suggests that the nitrogen atoms trapped 
in unstable places such as unsaturated bondings, defects, and 
interstitial points move to make stable bonds at the regular 
lattice points by heating. 
So far we have done the curve fitting of the spectra by 
using the five components of Si(O), Si(l), Si(2), Si(3), and 
Si(4), but it should be noticed that the nitride films produced 
at room temperature by irradiating the ion beams include 
many unstable states which cannot be represented by such 
ideal components. Thus the present analysis is qualitatively 
useful to see the change of the chemical states of the product 
during the reaction. 
V. SUMMARY 
The nitridation process of a Si(100) surface at room tem- 
perature by low energy (100-1000 eV) nitrogen ion beams 
has been investigated. The Nl s and Si2p XPS spectra of the 
surface were measured in situ during the progress of the 




At all ion beam energies studied (100,200,300,500, and 
1000 eV), the intensity of the Nls peak increased lin- 
early with the Nz. dose in the initial stage, started to 
saturate at -4X1015 ions/cm’, and finally reached a 
constant value. The intensity curves as a function of the 
dose could be &ted by an analytical form of ~$1 
-exp(-bFt)], which was derived from a rate equation 
of the reaction by assuming a simple model. 
At ion energies lower than 300 eV, the Nl s binding en- 
ergy shifted from 397.1 to 397.9 eV upon increasing the 
nitrogen content, and the FWHM of the spectrum in- 
creased from 1.0 to 1.8 eV. At 1000 eV, however, the 
binding energy increased only up to -397.4 eV. The 
binding energy and the FWHM of the-spectrum as a 
function of the ratio N/Si reacted may give a measure of the 
imperfection of the silicon nitride film. 
The surface nitrided with 100 and 200 eV ion beams 
showed a characteristic Si2p peak of the stoichiometric 
S&N4 compound at 102.1-102.4 eV, -which means that 
the nitride layer was well separated from the unreacted 
Si substrate. The thickness of the nitride layer produced 
with the 200 eV ion beam was about 1.5 nm. At higher 
energies, however, the Si2p XPS spectra did not show 
the distinct peak at 102.2 eV, while they tailed from the 
elemental Si peak into the chemically shifted region. 
These results suggest that the nitride films produced with 
high energy beams were nonstoichiometriic compounds 
of a mixture of the Si(n) components with many defects. 
The plots of the z=C,nr[Si(n>]rCZ[Si(n)] values against 
N/%eacted showed a deviation from the ideal- line. The 
films produced with the higher energy beams contain 
nitrogen atoms with unsaturated bondings with Si atoms. 
(4) These results show that a nitrogen ion beam of 100-200 
eV produces a well-characterized thin S&N, film on a Si 
substrate at room temperature, but at higher energy, the 
beam produces a thin film containing nonstoichiometric 
compounds SiNY (~(1.3) and many defects. 
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